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Abstract 
The Heartland Area Redwater Project (HARP) for CO2 storage is investigating the technical and economic 
feasibility of injecting significant volumes of CO2 into the large water-saturated portion of a huge Devonian reef that 
is capped by a comparatively small oil reservoir, nevertheless the third largest oil pool in western Canada. The reef 
has a total areal extent of nearly 600 km2, is more than 1,000 meters deep and is up to 275 meters thick. Based on 
the high water injectivity in the reef, the potential exists to inject sustainably in excess of 1,000 tonnes of CO2 per 
day per well in the aquifer portion of the reef. Preliminary storage capacity estimates for the aquifer are in the order 
of one gigatonne of CO2. This storage site has the potential to store CO2 emissions in the order of several tens of 
Mt/yr from major emitters in central and northeastern Alberta such as oil sands plants, bitumen upgraders, refineries 
and petrochemical and fertilizer plants. The characteristics of this potential CO2 storage site are presented.    
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1. Introduction 
Carbon dioxide capture and storage (CCS) has been identified internationally and nationally as a climate change 
mitigation strategy that has the potential to deliver significant near-term reductions in anthropogenic CO2 emissions 
into the atmosphere from large stationary sources with emissions greater than 100,000 t/yr [1-4].  In Canada, the 
federal as well as the provincial governments of Alberta and Saskatchewan have developed climate change plans 
where great emphasis is put on CCS technologies and indeed, CCS has the potential to reduce significantly CO2
emissions from coal-fired power plants, oil sands plants and upgraders, gas plants and refineries, which are the 
major components of energy production and electricity generation in these two provinces in particular, and in 
Canada.  Application of CCS will lead to clean energy production from fossil fuels thus decreasing pollution and 
greenhouse gas (GHG) emissions, while at the same time increasing Canada’s energy supplies by allowing 
continued and increased use of coal and oil sands, of which Canada has an abundance of supplies. 
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Implementation of CCS technologies in the short-to-near term must overcome a number of challenges and 
barriers [5], among them: 
1. High cost of current CO2 capture technologies and the energy penalty associated with them; 
2. Lack of infrastructure, and the high cost associated with its development, for CO2 capture and 
transportation from CO2 sources to geological sinks; 
3. Lack of a proper inventory of CO2 storage sites that meet the necessary conditions of capacity, 
injectivity and confinement; 
4. Lack of large-scale CCS demonstration projects that would prove the technology and the safety of CO2
storage in geological media; 
5. Lack of demonstrated monitoring technologies to be used in monitoring the fate of the injected CO2 and 
its effects on the subsurface environment; 
6. Lack of a comprehensive legal and regulatory framework that would address the issues of acquiring the 
right to the storage space, permission to inject CO2, and long-term liability after cessation of injection; 
7. Lack of capacity, i.e., of a skilled professional and technical workforce to apply the new technology. 
Much emphasis has been placed recently in international circles on building “capture ready” coal-fired power 
plants and generally in developing new, less expensive and more efficient CO2 capture technologies; however, it 
should be stressed here that the concept of “capture ready” is meaningless without the associated concept of “storage 
ready”.  Once captured, CO2 emissions will have to be stored because if capture facilities are being built without 
being utilized, they will depreciate and the capital investment will be lost. To advance CCS to the level of large-
scale implementation, targeted for 2015 and beyond, it is equally important to address all the challenges and barriers 
facing this new industry, including the ones related to CO2 storage.  Demonstrating the feasibility and safety of CO2
geological storage at the scale of future commercial-scale operations is fundamental to implementing this climate 
change mitigation strategy, as recognized also by the G8 countries (see IEA-CSLF recommendations to the G82.
Four geological media have been identified as suitable for CO2 storage, listed below in order of increasing 
potential capacity for storage:  
1. uneconomic coal beds     
2. oil reservoirs, through CO2 enhanced oil recovery (CO2-EOR) and/or at depletion; 
3. gas reservoirs, mainly at depletion, although enhanced gas recovery (EGR) is being studied; and 
4. deep saline aquifers. 
Various pilot experiments around the world have attempted to demonstrate the potential for CO2 storage in coal 
beds, however this is still an immature technology that may come on stream after 2015 [1].  Storage of CO2 in oil 
reservoirs through CO2-EOR has been demonstrated by the existing 90+ such operations in the world, where most of 
them are located in west Texas.  Storage of CO2 in depleted oil and gas reservoirs and in deep saline aquifers, albeit 
on a smaller scale, has been proven by the approximately 50 acid gas disposal operations in Alberta and British 
Columbia, and similar operations in the U.S [6].  However, these CO2-EOR and acid gas disposal operations, 
besides their individual small scale comparative to the scale needed for climate change mitigation, do not have the 
associated monitoring programs needed to demonstrate storage capacity and safety. Furthermore, the objective in 
current CO2-EOR operations is to maximize oil production and minimize CO2 retention in the reservoir, while a 
CO2-EOR combined with CO2-storage operation needs to co-optimize oil production and CO2 storage objectives.  
Currently there are only three large-scale (approximately 1 Mt/yr each) operations in the world where CO2 is 
injected into deep saline aquifers.  Two operations are located in the North Sea at Sleipner and Snohvit and one 
operation is located at In Salah in Algeria.  However, these operations, particularly the ones offshore in the North 
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Sea, are not representative of the geological conditions found in North America, including western Canada (for 
example, the storage aquifer at Sleipner is a weakly compacted, high porosity and permeability aquifer). 
Currently in western Canada there are several projects in initial stages of planning and site characterization for 
CO2 storage in deep saline aquifers. The Devonian-age Redwater Leduc reef is one such geological storage 
candidate located in central Alberta that is thought to be have a large enough capacity to store a significant amount 
of the Province’s CO2 emissions from large stationary CO2 sources (Large Final Emitters, or LFEs). This reef is a 
large geological reefal structure, approximately 600 km2 in area and more than 250 m thick, located at more than 
1000 m depth northeast of Edmonton, Alberta, within Alberta’s Industrial Heartland area (AIH on Figure 1) where a 
number of oil sands upgraders are operating or are being built, or are in various stages of planning and/or obtaining 
regulatory approval. Other large CO2 emitters such as chemical plants and refineries also exist in the AIH area.  A 
few large CO2 emitters are located near the town of Redwater itself (e.g., fertilizer plant). The reef is also located 
also along a possible route of a trunk CO2 pipeline that would bring CO2 from oil sands plants in the Fort 
McMurray area, where there are no storage opportunities, to storage sites in central Alberta. The Redwater reef is 
saturated with saline water except for its north-eastern rim where oil has accumulated (Figure 3), forming the third 
largest conventional oil field discovered in Canada. Its confining properties have been demonstrated by the 
accumulation of oil and confirmed by the different hydrogeological regimes in overlying strata. 
Figure 1: Location of the Redwater Leduc reef northeast of Edmonton, Alberta, Canada  (Cross-section in Figure 2) (Courtesy of the Alberta 
Research Council). 
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2. Geological setting of the Redwater reef 
The Alberta Basin is a world class petroleum basin in a mature stage of development. The sedimentary strata of 
the Basin dip towards the mountains to the southwest and are relatively simple structurally, with minimal faulting in 
the Plains region east of the Rocky Mountains. The Basin history can be divided into two major periods of 
deposition: the platform margin of the North American craton from Precambrian to mid-Jurassic time, and the 
subsequent foreland period during late Jurassic and Cretaceous time caused by the accretion of allochtonous terranes 
at the western margin of the continent during the Columbian and Laramide orogenies, followed by subsequent 
erosion during Tertiary to Recent time.  Tilting of the Basin and Pre-Cretaceous erosion led to the subcrop of 
successively older strata below at the sub-Cretaceous unconformity, such that the Devonian carbonate sequence in 
northeastern Alberta lies unconformably below the Cretaceous siliciclastic succession. Reefal build-ups like the 
Redwater Leduc Reef rise from the large carbonate platforms which existed during the Devonian. Obviously, these 
reefal buildups are excellent traps not only for oil and gas but also for CO2, as long as their spill points are not 
exceeded. 
The Redwater Leduc Reef is one of many Leduc Formation reefs developed along the drowned margins of the 
underlying Cooking Lake carbonate platform. Whereas the Redwater reef is confined, the Cooking lake platform 
extends for tens to hundreds of kilometres forming a large regional aquifer. The local geological setting of Redwater 
is depicted in Figure 2.  The thickness of the sedimentary succession here is approximately 2 kilometers extending 
through the Devonian carbonates down to the Precambrian crystalline basement.  The oil pool contained by the 
Redwater Reef is relatively small compared to the reef’s total size, as depicted in the cross-section. The Cooking 
Lake carbonate platform is in communication with the Redwater reef on its western side. Unlike open aquifers such 
as those at Sleipner and Snohvit in the North Sea, the Redwater reef is surrounded laterally by the tight shales of the 
Ireton and Duvernay formations, which provide a strong natural barrier against lateral CO2 migration (Figure 3). 
Figure 2: Aquifers, oil & gas pools and coals in the Heartland area northeast of Edmonton, Alberta, Canada (after Brown et al., 2005 [8]) 
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Figure 3: Cross-section through the Redwater Leduc reef (blue area represents the water-saturated zone of the reef, and green represents the oil 
reservoir) (after Wendte and Callow, 1983 [9]). 
In Devonian times, the Redwater reef initiated and grew as an atoll on the Cooking Lake Platform with an 
interior lagoon and an encircling outer reef margin which protected the lagoon from wave action except in times of 
storms. This configuration dictated the original distribution of porosity and permeability in the reef. The best and 
most continuous porosity and permeability regions occur at the outer reef margin where the reef was actively 
growing. In the interior lagoon, carbonate muds were being deposited except during storms. These carbonate muds 
form low porosity/permeability horizons which are interstratified with higher porosity/permeability streaks which 
were primarily the result of storm activity. Basically the reef structure can be regarded as having the highest porosity 
and permeability areas distributed around the outer rim of the reef in the form of a doughnut.  A striking modern day 
analogue to the facies distribution observed in the Redwater reef can be found in the modern atolls off the coast of 
Belize, Central America.  This depositional pattern characterizes each individual growth cycle within the reef, which 
are then packaged into three main stages (Lower, Middle and Upper). These stages are characterized by various 
depositional styles (progradational vs. backstepping) which result in lateral shifts in facies belts from cycle to cycle 
and their contacts are often marked by short periods of exposure.  After Basin tilting, oil migrated into the reef from 
the southwest and accumulated along the updip north-eastern reef rim (Figure 3). In its final form, the Redwater reef 
appears as a 250 + metre thick carbonate sequence with major incursions on the sides which are filled by shale. 
3. CO2-storage capacity of the Redwater reef 
Injectivity in the reef is known to be high in the oil-reservoir portion as demonstrated by current disposal 
operations where large volumes of produced water are disposed of just by gravity with no need for pumps. In terms 
of CO2 storage capacity, a preliminary “back-of-the-envelope” estimation indicates that the aquifer part of the 
Redwater reef (that portion saturated with saline water) may be able to store up to 1 Gt of CO2, compared with 
emissions from a coal-fired power plant or oil sands plant in the order of 5-10 Mt/yr. As a first step, the CO2 storage 
capacity of the oil pool has been calculated. Using an oil FVF (formation volume factor) of 1.1236 rm3/sm3, a CO2 
FVF of 2.7317 rm3/tonne, the original oil in place (OOIP) of 1,300,000,000 bbls (206,683,837 sm3), then the oil 
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pool hydrocarbon pore volume (HCPV) is 232,229,960 rm3 (206,683,837 sm3 × 1.1236 rm3/sm3). Assuming that 
60% of the pool is flooded with CO2, then the flooded HCPV is 139,337,976 rm3. Thus the CO2 storage capacity of 
the oil pool is §50 Mt CO2 (139,337,976 rm3 ÷ 2.7317 rm3/tonne), which represents only a small fraction of the 
total capacity of the reef.   
Since there is good well control to build the geological model for the oil pool but poor well control for the aquifer 
portion of the reef, the uncertainty for the porosity/permeability distribution for the aquifer portion of the reef is 
large. The preliminary “back of the envelope” calculation for the CO2 storage capacity of the Redwater reef 
assumed that the properties of the oil pool extend to the whole reef and that one fifth of the total pore space in the 
reef could be filled with CO2. Since the preliminary estimation, additional geological characterization of the reef has 
allowed a better estimate of the storage capacity to be made.  
Based on the updated geological model with renewed porosity estimates based on the “doughnut” model with a 
low porosity centre, a revised static capacity estimate was made for the reef based on a total pore volume of 1.9 × 
109 m3. Assuming a brine displacement mechanism resulting in 25% residual water saturation, the static capacity of 
the reef is §1.03 Gt CO2 stored as a supercritical fluid and 0.03 Gt dissolved in the residual water, a similar number 
to the “back of the envelope” calculation. This is to be expected as the total pore volume used for the doughnut 
model was 5 times lower than for the “back of the envelope” calculation. If there was no brine displacement, then 
the formation in the reef could hold 0.14 Gt of CO2 dissolved in the formation water. 
A dynamic storage capacity was also estimated by using CMG’s commercial black oil reservoir simulator [7].  
For this calculation, the lagoonal section of the reef was assumed to have no connectivity and the CO2 was confined 
to circulation in the high permeability high porosity outer rim (doughnut) of the reef. Additional constraints were 
that the maximum injection pressure (13.6 MPa) should be significantly below the fracture pressure, and that the 
CO2 should not reach the downdip spill point into the underlying regional Cooking Lake aquifer. The simulation 
target was to inject CO2 at the rate of 50,000 t CO2/d (coinciding with the expected rate of CO2 emissions from the 
Heartland region after 2030) for 30 years for a cumulative amount of 0.55 Gt of CO2 stored. To achieve this target, 
20 CO2 injectors were needed, the accessible pore volume was doubled and the connectivity to the Cooking Lake 
aquifer was enhanced.  
Thus, the preliminary evaluation of the Redwater reef indicates that it meets the storage conditions of capacity, 
injectivity and confinement. The reef is strategically located in close vicinity of current and future large CO2 
emitters in central Alberta. In short, the Redwater Leduc reef provides a unique opportunity to demonstrate on a 
large scale the feasibility and safety of CO2 storage, with significant potential of becoming a large scale commercial 
operation where several million tonnes of CO2 can be stored annually. 
4. Optimization of CO2 EOR and CO2 geological storage 
The combination of the large water-saturated reef capped by an oil reservoir, both surrounded by tight shales, 
provides the opportunity of optimizing CO2-enhanced oil recovery (CO2-EOR) and CO2 storage. In conventional 
EOR operations, the recovery process is designed so that minimal CO2 is retained in the reservoir as the CO2 has to 
be purchased from a vendor.  Carbon dioxide that breaks through at producing wells is recycled in the system and at 
the end the reservoir is blown down so that the CO2 is recovered and use elsewhere. This practice minimizes the 
storage of CO2. In the case of Redwater reef, the top of the reef is irregular and undulating (Figure 4), forming a 
series of local highs which are important for EOR and storage strategies. These local domes offer an opportunity for 
a top-down displacement strategy where the CO2 is injected at the top of the reef and forces the oil downwards 
where the oil can be produced from strategically completed wells. It is expected that this process can access an 
additional 5 to 15% of the original-oil-in-place (i.e. 40 to 130 mmboe) at injection rates between 5000 and 15,000 
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tonnes per day of CO2, increasing oil production to approximately 15,000 boe/day. This configuration also is the 
optimum displacement strategy to store CO2. 
Figure 4: Depiction of the top Leduc reef surface from 22km2 3-D seismic shot along the Redwater reef front (courtesy of ARC Resources).
Figure 5: Distribution of wells in the Redwater reef. (after Bachu et al., 2004 [10]) 
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As discussed before and illustrated in Figure 3, the oil leg of the reef only occupies a small portion of the reef and 
is only 50 meters thick. However, more than a thousand wells penetrate the oil zone (Figure 5) although they 
generally do not penetrate much deeper than the oil zone compared to less than 50 wells for the rest of the reef 
(Figure 5). The integrity of these wells will likely be an issue for a commercial CO2 EOR project to address before it 
will be an issue for the storage of CO2 in the water saturated pore space. Their integrity will have to be demonstrated 
and if there are any issues, a program must be put in place to remediate any of the wells that pose a risk for leakage 
over the long term. An assessment of the condition of the wells in the area of an EOR pilot is currently being 
undertaken and when completed will help to understand whether this is a potential issue and if so its significance 
and magnitude. 
5. Conclusions 
The Redwater Leduc Reef is a good candidate for CCS being located adjacent to the largest industrial complex in 
Alberta.  It is an enabler for oil sands development as CO2 storage in the Redwater Reef may be able to handle all 
the oil sands emissions in the near-to-medium term. Detailed characterization of the reef to assess its capacity has 
been started. Early indications are that a capacity in the order of 1 Gt of CO2 may be stored in the reef. Uncertainties 
lie in the estimates of accessible porosity, permeability distribution and connectivity to the Cooking Lake Aquifer. 
The uncertainty around these estimates will be improved by the ongoing examination of well logs, core, and seismic 
data.  The uncertainties around connectivity of various parts of the reef will be lessened by fitting historical reservoir 
pressure depletion and rebound during the period of oil production.  Also, resolution of the connectivity in the centre 
of the reef needs to be resolved by drilling a data well. The potential succession of low porosity/permeability 
carbonate mudstones and higher porosity/permeability carbonate grainstones there may offer a more protected 
volume to store CO2. If the carbonate grainstones have significant lateral extent, then they could be used to store 
CO2 and thereby slow the CO2 movement to the top of the reef and increasing its dissolution in the formation water. 
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